During animal development, epithelial cell fates are specified according to spatial position by extracellular signaling pathways. Among these, the transforming growth factor b/bone morphogenetic protein (TGF-b/BMP) pathways are evolutionarily conserved and play crucial roles in the development and homeostasis of a wide range of multicellular tissues. Here we show that in the developing Drosophila wing imaginal epithelium, cell clones deprived of the BMP-like ligand Decapentaplegic (DPP) do not die as previously thought but rather extrude from the cell layer as viable cysts exhibiting marked abnormalities in cell shape and cytoskeletal organization. We propose that in addition to assigning cell fates, a crucial developmental function of DPP/BMP signaling is the position-specific control of epithelial architecture.
The Drosophila wing primordium (imaginal disc) is a cellular monolayer that has invaginated and flattened to form a two-sided epithelial sac. During larval development, one side of this sac forms a thin squamous sheet, whereas the apposed epithelial surface adopts a pseudostratified columnar morphology (1, 2) . Although such range in epithelial form is common among metazoans and central to the morphogenesis of complex organ and appendage structures, very little is known about the molecular mechanisms that drive epithelia into their distinctive squamous, cuboidal, and columnar morphologies. To address this issue, we initiated a genetic screen for factors that control epithelial cell shape during Drosophila imaginal disc development.
To circumvent the embryonic lethality associated with many mutant alleles, we used the directed mosaic FLP/FRT system (3) to screen somatic cell clones homozygous for a collection of ethylmethane sulfonate (EMS)-induced lethal mutations. This approach uses a tissue-specific Gal4 driver (T155-Gal4) to direct expression of the flipase ( flp) enzyme in developing epithelia, thus catalyzing a low frequency of mitotic recombination between an EMS-mutagenized FRT chromatid and its green fluorescent protein (GFP)-marked homolog. Within the disc epithelium, mitotic re- combination events produce a GFP-negative cell clone homozygous for the mutation of interest as well as a corresponding Btwin spot[ identifiable by the presence of two copies of GFP. In this study, GFP-negative clones homozygous for a random series of EMS mutations were induced with T155-Gal49UAS-flp (T1559flp) and stained with rhodaminephalloidin to outline cell boundaries. Late third-instar wing imaginal discs were subsequently analyzed for clonal defects in epithelial morphogenesis (Fig. 1, A and B ).
In the experimental line EMS 4a21 , mutant clones in medial regions of the wing disc exhibited defects in the ability to establish or maintain the pseudostratified columnar cell shape, resulting in their retraction from the apical epithelial surface and subsequent basal extrusion (Fig. 1, C and D) . Counts of clone frequency relative to twin spot controls indicated that many clones induced in the presumptive medial blade territory were not recovered, presumably as a result of cell death, but those that we did observe consistently presented as cystlike epithelial extrusions. In addition, a large number of extruding clones were observed in the presumptive hinge and notum regions of experimental discs, with a fraction of these protruding apically rather than extruding basally (4). We conclude that loss of the EMS 4a21 gene product caused defective morphogenesis and clone extrusion, a phenotype intermittently associated with cell death in the medial wing blade territory.
To determine the genetic defect underlying extrusion, we mapped the embryonic lethality of EMS 4a21 to cytological interval 25D-25F, which includes the transforming growth factor b (TGF-b) type I receptor thickveins (tkv) (5) . As a transmembrane receptor for DPP/BMP ligand, TKV is crucial for imaginal disc development (6-13) and other developmental processes such as adult thorax closure and embryonic dorsal closure (14, 15) . Consistent with EMS 4a21 representing an allele of tkv, EMS 4a21 homozygotes exhibited embryonic lethal phenotypes reminiscent of known tkv mutations (16) , and EMS 4a21 failed to complement the previously identified alleles tkv 7 (n 0 413), tkv 4 (n 0 386), and tkv K16159 (n 0 319) (5) . Confirming EMS 4a21 as a tkv allele, a UAS-tkv construct expressed globally under tubulin-Gal4 rescued EMS 4a21 homozygotes to adult eclosion (4) . More importantly, expression of UAS-tkv under T155-Gal4 fully rescued EMS 4a21 clone extrusion (Fig. 1 , E and F), as did clone-autonomous expression of UAS-tkv using the MARCM system ( fig. S2 ). These experiments demonstrate that clone extrusion was caused by loss of tkv, and we have therefore designated EMS 4a21 as tkv extruded (tkv xtr ).
We next used T155Gal49flp to induce clones of the amorphic allele tkv 4 (5) as well as an allele of the downstream signal transducer encoded by mothers against DPP (mad 12 ) Fig. 1 4 clones also extrude from the wing epithelium (yellow arrow), indicating that this phenotype is not allele specific. (5). In both cases, extrusion was routinely observed (Fig. 1, G and H, and Fig. 2A ), linking this phenotype to general defects in DPP/BMP signaling and not some unique effect of the tkv xtr allele. These results contrast with the current interpretation of DPP/BMP as a cell survival factor, which is based on the observation that tkv mutant cells are eliminated from the wing by proapoptotic c-Jun Nterminal kinase (JNK) signaling (17) (18) (19) (20) . We thus considered whether extrusion might reflect a preliminary stage of apoptosis, similar to the basal extrusion of vertebrate epithelial cells destined for death (21) . However, four observations provide evidence against this idea. (i) Clonal loss of mad 12 , tkv xtr , or tkv 4 consistently caused extrusion, but this phenotype did not necessarily correlate with apoptosis indicated by Caspase-3 activation ( (Fig. 2, I and J), confirming that this phenotype is not simply a secondary consequence of cell death.
Together, these results challenge the view of DPP/BMP as a survival factor, favoring instead a more direct role for this pathway in controlling epithelial morphogenesis. This interpretation has the advantage of unifying the role of DPP/BMP as a pattern morphogen in imaginal discs with its role as an agent of morphogenesis in other developmental contexts. Nevertheless, the large phenotypic discrepancy between clone extrusion and clone death necessitated a closer consideration of why our results differed from previous reports. A major procedural difference in our experiments was the use of T1559flp to induce clones, instead of heat shock (hs9flp). Indeed, we confirmed that almost all heat shock-induced tkv 4 and tkv xtr clones were eliminated from the developing wing blade, as previously reported (4, 12) . This indicates that either the hs9flp method enhanced tkv clone death, or alternatively, the T1559flp method somehow enhanced clone viability. Both of these possibilities could be explained by differential background activity of the JNK stress signaling pathway, because decreasing JNK activity is sufficient to rescue the lethality of some hs9flp-induced tkv clones (19) . Conversely, when we used a single mutant allele of the regulatory phosphatase puckered to increase background JNK activity (18), T1559flp-induced tkv xtr clones were completely eliminated from the wing blade territory and extruding clones larger than 10 cells were not observed ( fig. S4 ) (n 0 15 discs). This contrasts sharply with normal circumstances, where 78% of discs had one large tkv xtr extrusion greater than 10 cells in the wing blade and 50% had 2 or more (n 0 32 discs).
Based on the observations above, we infer that the primary phenotype of tkv clones is extrusion and propose that JNK-dependent cell death is a potent and confounding secondary effect, similar to a wound response. Current models suggest that tkv clone-dependent JNK activation is triggered by a morphogensensing mechanism designed to correct discontinuities in the total DPP/BMP gradient (19, 22) . Our results suggest an alternative possibility: that the disruptive force of extrusion itself causes sufficient mechanical stress to activate JNK within and around tkv mutant cells ( fig. S2C ). Mechanical stretch, for example, activates JNK signaling in vertebrate cells (23) , and mechanical disruption of the larval or adult epidermis causes localized JNK activation in Drosophila (24, 25) . Extending these observations to the wing disc, we used a finely sharpened tungsten needle to stretch, then pierce the imaginal epithelium, mimicking the effect of extrusion. This manipulation elicited localized JNK reporter activity similar to that seen in wounded larval and adult epidermis (24, 25) and identical to that seen around tkv mutant clones ( fig. S4 ).
Having concluded that the primary defect in tkv clones is extrusion and not death, we turned our attention to identifying positionspecific aspects of epithelial morphogenesis that could be controlled by DPP/BMP signaling. During normal development, secreted The overlap between apical MTs and ACT appears as an apical yellow band that terminates in brkþ cells owing to the absence of apical microtubules. (C) Apical ACT is consistent along the medial-to-lateral axis, but ACT association with the basolateral cortex weakens laterally (red arrows). (D) brk-Gal49srcEGFP demarcates the lateral domains where DPP signaling is low. (E) Apical microtubule densities are robust in medial columnar cells where DPP/BMP signal is high but weaken in lateral brk domains. (F) Pixel intensity plot of (E) illustrates an apical-specific gradient in microtubule intensity, because basal MT staining is consistent along the medial-lateral axis.
DPP forms a medial-to-lateral gradient of signaling activity that antagonizes expression of the transcription factor encoded by brinker (brk) (Fig. 3A) (26) . We made use of brk-Gal49UAS-srcEGFP to mark the range of DPP/BMP signal and then examined cytoskeletal organization relative to the level of morphogen (Fig. 3, B to F) . In confocal XZ sections through the wing disc, a gradation of columnar epithelial cell shape along the medial-lateral axis was immediately apparent, and this gradient of cell shape was further reflected in cytoskeletal organization. Although levels of F-actin localized to apical junctional complexes were fairly consistent across the disc, basolateral cortical F-actin levels were moderately reduced in lateral cells where DPP/BMP activity is low (Fig. 3C) . Even more apparent, apical microtubule arrays were robust in medial cells where DPP/BMP is high, but tapered off to complete absence in the lateral brk-expressing domains (Fig. 3, D and  E) . Importantly, the density of basal microtubule arrays did not vary along the same axis, indicating that an apical-specific gradient of microtubule organization closely parallels the DPP/BMP morphogen gradient (Fig. 3E) .
To test whether apical microtubule arrays, basolateral cortical F-actin, and epithelial cell shape were dependent on DPP/BMP signaling activity, we analyzed T1559flp-induced clones in greater detail (Fig. 4) . Notably, the apical microtubule arrays were cell-autonomously eliminated in tkv mutant clones, even as basal microtubule networks were unperturbed (Fig. 4, B to F) . Both large (early-induced) and small (late-induced) clones exhibited this phenotype, establishing the disruption of apical microtubule organization as an early and specific consequence of defective DPP/BMP signaling. Mutant cells also featured a subtle yet consistent reduction of F-actin at the basolateral cortex of cells on the clone interior, transient ectopic accumulation of F-actin at the apical adherens junctions, and ectopic accumulation of F-actin at boundaries between mutant cells and their wild-type neighbors (Fig. 4, I to L). Ultrastructurally, these phenotypes correlated with a cloneautonomous transition from pseudostratification to a simple columnar epithelial modality (Fig. 4, G and H) . We conclude that the DPP/BMP morphogen gradient both correlates with and is required for a parallel gradient of epithelial organization in the developing wing columnar epithelium.
The data summarized here provide an initial conceptual link between DPP/BMPdependent wing patterning and the spatial regulation of epithelial morphogenesis. A logical next step will be to connect transcriptional targets of the DPP/BMP pathway to candidate effectors of morphogenesis, particularly molecules that could influence the integrity of the apical microtuble cytoskeleton or cortical F-actin meshwork. Although our results could support a direct cytoskeletal function for DPP/BMP in the wing disc Eperhaps similar to its proposed role in dorsal closure and thorax closure (14, 15)^, it is equally possible that DPP/BMP signaling drives epithelial morphogenesis by modulating cell adhesion. In this sense, the cell-autonomous disruption of apical microtubule arrays in tkv clones may be a result of abnormal apical cell-cell or cellmatrix adhesion. Consistent with this possibility, clonal loss of a chromosomal interval covering the DPP target spalt causes aberrant expression of the leucine-rich repeat cell-adhesion proteins capricious and tartan and segregation of mutant cells away from the epithelium (20) . Furthermore, we found that hyperactivated DPP signaling caused defective epithelial organization in lateral wing disc cells but was not alone sufficient to induce apical microtubule arrays (4). Clearly, the ability to distinguish adhesive versus cytoskeletal roles for DPP/BMP will require further study of downstream effectors during multiple developmental processes.
The extrusion of tkv clones from Drosophila epithelia presents an interesting parallel to juvenile polyposis, a human genetic disorder characterized by the formation of gastrointestinal polyps and cancer (27) (28) (29) (30) . Not only does the formation of extruded epithelial polyps bear some superficial similarity to the phenotypes described here, but heritable juvenile polyposis has been linked to mutations in two loci: a type I BMP receptor (27) and the SMAD4 signal transducer (28) . In this regard, the present study not only demonstrates a morphogenetic function for DPP/BMP in the Drosophila wing but may also indicate a broadly conserved role for DPP/BMP signaling in the patterned morphogenesis of developing and adult epithelia. for critical readings of the manuscript; K. Gibson, S. Cherry, and C. Micchelli for helpful discussions; and G. Campbell, T. Kornberg, L. Raftery, K. Basler, R. Padgett, and the Bloomington Drosophila Stock Center for fly stocks. Our sincere apologies to colleagues whose work we were unable to cite owing to space constraints. N Signaling by members of the transforming growth factor-b (TGF-b) protein family is critical for epithelial growth and differentiation, and inappropriate signaling is common in cancer (1, 2). Dpp, a TGF-b superfamily member related to bone morphogenetic protein (BMP) 2/4, is required for growth and patterning of the wing primordium (wing disc pouch) in Drosophila (3). Inappropriately reduced Dpp signaling leads to smaller wing size, activation of the JNK pathway, and apoptosis (4, 5) . These and other observations have led to the hypothesis that Dpp acts as a survival factor for wing disc cells by preventing activation of the JNK-dependent apoptotic pathway (5) (6) (7) (8) .
To test this hypothesis, we analyzed the ability of cells mutant for the Drosophila gene thickveins (tkv), which encodes a receptor essential for Dpp signal transduction (3), and the gene basket (bsk), which encodes JNK (9), to survive within the developing wing disc pouch. Marked Btwinspots[ composed of sibling double-mutant tkv bsk clones of cells and wild-type clones of cells were generated within the same wing disc by Flp-mediated mitotic recombination (10) . The ratio of tkvbsk -clones to sibling wild-type clones was determined and is referred to as the frequency of tkv -bsk -clone recovery. When clones were induced in first instar larvae, the frequency of tkv -bsk -clone recovery in the wing disc pouch of late-third instar larvae was only 24% (n 0 187), consistent with previous observations (6) . Apoptosis was blocked in the mutant clones ( fig. S1 ). bsk -clones were recovered at high frequency (97%, n 0 100). The low frequency of tkv -bsk -clone recovery suggests that the loss of cells lacking Dpp signal transduction from the wing disc pouch is largely independent of JNK-mediated apoptosis (supporting online material text). Thus, Dpp must use additional mechanisms to prevent loss of cells from the wing disc pouch.
To elucidate these mechanisms, we generated tkv -bsk -clones in first instar larvae and analyzed their morphology in the wing disc pouch of late-third instar larvae. In the pseudostratified epithelium (Fig. 1A) , bskclones displayed a normal shape (Fig. 1B) .
In contrast, tkv -bsk -clones were shorter along their apical-basal axis, had lost contact to the apical epithelial surface (Fig. 1C) , and formed cyst-like structures with the apical cell membranes facing the center of the clone instead of the disc lumen (Fig. 1D) . Furthermore, tkv -bsk -cells lost E-cadherin-based junctions to heterozygous neighboring cells and made E-cadherin-based junctions to other tkv -bsk -cells within the same clone (Fig.  1E) . Clones mutant for both mothers against dpp (mad), which encodes a transcription factor essential for Dpp signal transduction (3), and bsk formed cyst-like structures similar to tkv -bsk -clones ( fig. S2 ).
Epithelial cell shape is largely determined by the cytoskeleton. Cell shape changes leading to the formation of cyst-like structures could thus be due to cytoskeletal organization defects in tkv -bsk -cells. F-actin was enriched at the center of tkv -bsk -clones (Fig. 1F) , whereas a dense apical network of microtubules, present in wild-type cells (11), was markedly reduced (Fig. 1, G and H) . Basal microtubules appeared normal in tkv -bskcells (Fig. 1G) . Both actin and microtubule cytoskeletons were normal in bsk -clones (Fig. 1B) (12) . These data indicate that Dpp signaling is required to maintain normal cytoskeletal organization in wing disc pouch cells. Furthermore, the presence of an apical microtubule network correlated with Dpp signaling activity along the anterior-posterior axis of wild-type wing discs ( fig. S3 ), suggesting that Dpp signaling also plays a role in determining position-specific aspects of the microtubule cytoskeleton.
To test whether the loss of tkv -bsk -clones was through the formation of the cyst-like structures, we generated tkv -bsk -clones at different times during development and determined the number of cyst-like structures and the frequency of tkv -bsk -clone recovery in late-third instar larvae ( Fig. 2A) . Twenty-four hours after clone induction, 99% of tkv -bskclones were recovered (n 0 93) (Fig. 2B) . Cells within clones still had contact to the apical epithelial surface, appeared to make normal E-cadherin-based junctions with 
